Time-resolved, flash-induced difference absorbance spectra (300-700 am) at pH 10.5 and 5C for the bacteriorhodopsin photocycle fast and slow decaying forms of the M intermediate (M' and MS, respectively) MATERIALS AND METHODS Purple membranes were isolated from Halobacterium halobium, S9 strain, and suspended in 30 mM piperazine/30 mM glycylglycine, pH 10.5. All samples contained 40%o (vol/vol) glycerol except those used for the flash-induced absorbance changes in Fig. 4 . All measurements were carried out on light-adapted BR.
Upon light absorption, bacteriorhodopsin (BR) undergoes a photochemical cycle through several distinct intermediate states, termed K, L, M, 0, and R (for review, see ref. 1 and below). The total number of the intermediates, their pathways, and their interrelationships are still under debate (e.g., refs. 2 and 3). The later intermediates of the photocycle, especially the one(s) absorbing at m410 nm (M), have been a particular focus of study because they are believed to play a key role in the proton-pumping function of BR. The initial models ofthe photocycle were linear and unbranched (1), but later kinetic studies showed these models were too simple because the decay of many of the intermediates was multiexponential (e.g., ref. 4). Some workers suggested that these multiexponential kinetics represent physically distinct species in sequential (5) or parallel (e.g., refs. 6 and 7) branched pathways. Others have stressed that such multiexponential processes can arise from a single species in equilibrium with other intermediates (8) . El-Sayed and coworkers (9) Finally, we propose that R, the very slowly decaying photocycle intermediate (10) (11) (12) , may be in a different photocycle than either of those containing the M forms.
MATERIALS AND METHODS Purple membranes were isolated from Halobacterium halobium, S9 strain, and suspended in 30 mM piperazine/30 mM glycylglycine, pH 10.5 . All samples contained 40%o (vol/vol) glycerol except those used for the flash-induced absorbance changes in Fig. 4 . All measurements were carried out on light-adapted BR.
Two spectrophotometers were used to obtain the lightinduced difference spectra. For the faster measurements, the data were taken and analyzed as described (10, 11) . For the slower measurements a Hewlett-Packard model 8452A diode array spectrophotometer was used to take complete lightinduced difference spectra from 300 to 700 nm with 2-nm spectral resolution. (The absorption spectrum of the lightadapted sample was used as the baseline.) The actinic source was a commercial photoflash with Coming long-pass filter (CS 3-67, wavelength >550 nm). The 
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16.. red shift can be seen in the bleaching minimum at =570 nm in the spectra taken at later times (Fig. la) .
In ratio between the spectra taken at early and later times is accompanied by changes in the fine structure at =412 nm. Besides the main absorbance peak at 410-412 nm, peaks and shoulders are clearly resolved at 336, 350, 386, and 436 nm, decaying with different rates. Similar data as in Fig. 1 were seen at pH 7.2 and 9, from -150C to 0C (data not shown). The spectra shown in Fig. 1 indicate that a mixture of two or more spectrally and kinetically different BR photocycle intermediates is decaying back to BR under these conditions. Earlier studies suggested that these are the two forms of the M intermediate and the R intermediate (10, 11) . Fig. 2 shows semilogarithmic plots of the time-dependent absorbance changes at three wavelengths, 350, 412, and 580 nm (taken from the data set shown in Fig. 1 but also with a 2-s sampling interval). In each case the decay/recovery rates are multiexponential. The slowest component seen in Fig. 2b has a ti/2 of 37 s at all three wavelengths. Moreover, difference spectra corresponding to the last 10-15 points plotted in Fig. 2b , when normalized at 580 nm, were superimposable at all wavelengths, showing that only one component from the initial mixture is left to decay at these late times. This implies that these late difference spectra represent a single intermediate. These difference spectra (Fig. lb, trace 31, and Fig. 3 ) have the following characteristics: major absorbance maxima at 336 and 350 nm, minor maxima at 386 and 412 nm, and a bleaching minimum at 585 nm. We assign this difference spectrum to the R intermediate because of its long decay time and its striking similarity with the R spectrum reported earlier (11) . Because of the likelihood that the absorption maximum of R is close to that of its parent pigment (11, 12) , the difference spectrum does not provide a good estimate for the maximum of either the parent pigment or the R intermediate.
We can determine the contribution of R to the spectra plotted at early times in Fig. la by extrapolating (Fig. 3) Biophysics: Dancsha'zy et al. A second explanation is that the absoi nm is a "cis" peak associated with a that have a 13-cis conformation; this because although it is widely acknoi 13-cis conformation, the absorption ini not complete at a time when all of K 4). A third possibility is that all of the intermediates after K, such as L and M as well as R, absorb at 330 nm; in this case no conclusion can be made about the origin of R.
DISCUSSION
El-Sayed and coworkers (9) showed that the biphasic decay Im of the L intermediate from pH 7 to pH 11 behaved as if it originated from two forms ofBR that were in a pH-dependent equilibrium with a pK value of =9.6. This implies one should be able to detect a difference in the two pigments. The simplest interpretation of our difference spectra (Fig. 3) is || | | that there are at least two and perhaps three distinct forms of 10 12 14 16 BR from pH 7 to pH 11; each probably has a different absorption spectrum and gives rise to spectrally distinct intermediates, implying that there are two and perhaps three iges on a fast time scale at different photocycles (Fig. 5) 3,4-dihydroretinal had a very clearly discernible pH-dependent absorption spectrum with a pK value of 9.7, with the ionship between the M longer-wavelength, higher-extinction form predominating at , flash-induced kinetic neutral pH (14) . Others have also found a similar but de at selected waveless-pronounced phenomenon in native BR (15, 16 (Fig. 4) . The decay of There is also some evidence indicating distinct forms of M, cays of Mf and M' (10, but it is mostly either indirect (6, 18, 19) or extremely brief ons for the origin of the (20) . Most other spectroscopic attempts to show that the two st (and simplest) is that forms of M are spectrally or physically distinct have not been mation of the R intersuccessful (2, 7, 21) , probably because of lack of resolution y at this wavelength. If or inappropriate conditions. However, during the prepararmed from either Mf or tion of this manuscript it was reported (22) 
